Helicobacter pylori is a genetically diverse organism that is adapted for colonization of the human stomach. 
Helicobacter pylori is a genetically diverse organism that is adapted for colonization of the human stomach. All strains contain a gene encoding a secreted, pore-forming toxin known as VacA. Genetic variation at this locus could be under strong selection as H. pylori adapts to the host immune response, colonizes new human hosts, or inhabits different host environments. Here, we analyze the molecular evolution of VacA. Phylogenetic reconstructions indicate the subdivision of VacA sequences into three main groups with distinct geographic distributions. Divergence of the three groups is principally due to positively selected sequence changes in the p55 domain, a central region required for binding of the toxin to host cells. Divergent amino acids map to surface-exposed sites in the p55 crystal structure. Comparative phylogenetic analyses of vacA sequences and housekeeping gene sequences indicate that vacA does not share the same evolutionary history as the core genome. Further, rooting the VacA tree with outgroup sequences from the close relative Helicobacter acinonychis reveals that the ancestry of VacA is different from the African origin that typifies the core genome. Finally, sequence analyses of the virulence determinant CagA reveal three main groups strikingly similar to the three groups of VacA sequences. Taken together, these results indicate that positive selection has shaped the phylogenetic structure of VacA and CagA, and each of these virulence determinants has evolved separately from the core genome.
Helicobacter pylori is a Gram-negative bacterium that persistently colonizes the human stomach. H. pylori induces a gastric mucosal inflammatory response known as superficial gastritis and is a risk factor for the development of peptic ulcer disease, gastric adenocarcinoma, and gastric mucosa-associated lymphoid tissue (MALT) lymphoma (2, 43) . H. pylori is present in about half of all humans throughout the world.
H. pylori strains from unrelated humans exhibit a high level of genetic diversity (5, 44 ). The population structure of H. pylori is panmictic, and the rate of recombination in H. pylori is reported to be among the highest in the Eubacteria (17, 44) . Multilocus sequence analysis of housekeeping genes has revealed the presence of at least nine different H. pylori populations or subpopulations that are localized to distinct geographic regions (12, 27, 31) . Analysis of these sequences suggests that H. pylori has spread throughout the world concurrently with the major events of human dispersal, and thus H. pylori is potentially a useful marker for the geographic migrations of human populations (12) .
One of the important virulence determinants of H. pylori is a secreted toxin known as VacA. VacA is a pore-forming toxin that causes multiple alterations in human cells, including cell vacuolation, depolarization of membrane potential, alteration of mitochondrial membrane permeability, apoptosis, activation of mitogen-activated protein kinases, inhibition of antigen presentation, and inhibition of T-cell activation and proliferation (8, 10, 15) . Secreted by an autotransporter (type Va) secretion mechanism, VacA is translated as a 140-kDa protoxin that undergoes N-and C-terminal cleavage during the secretion process to yield an N-terminal signal sequence, a mature 88-kDa secreted toxin known as p88, a small secreted peptide with no known function (termed secreted alpha peptide, or SAP) (7) , and a C-terminal beta-barrel domain (41, 47) (Fig. 1A) . Two domains of p88 VacA, p33 and p55, have been identified based on partial proteolysis of p88 into fragments of 33 kDa and 55 kDa, respectively (47) (Fig. 1A) . The N-terminal p33 domain (residues 1 to 311) is involved in pore formation while the p55 domain (residues 312 to 821) contains one or more cell-binding domains (14, 48) . The isolated p55 domain binds to host cells less avidly than does the full-length p88 protein, and in contrast to p88, the isolated p55 domain is not inter-nalized by cells (18, 48) . These observations suggest that sequences in both the p33 and p55 domains mediate VacA interactions with the surface of cells.
All strains of H. pylori contain a chromosomal vacA gene, but individual strains differ considerably in levels of VacA activity (3, 8) . Two studies analyzed vacA sequence encoding a fragment of the p33 domain and did not detect any recognizable phylogenetic structure (star or bush-type pattern), presumably due to the presence of extensive recombination (19, 44) . Other studies analyzed different regions of VacA and detected polymorphisms that allow classification of vacA alleles into distinct families (designated s1/s2, i1/i2, and m1/m2) depending on the presence of signature sequences in different regions of VacA (3, 4, 39) . Geographic differences have been detected within several of these vacA regions (22, 24, 29, 37, 51, 52, 55) . In general, strains containing vacA alleles classified as s1, i1, or m1 have been associated with an increased risk of ulcer disease or gastric cancer compared to strains containing vacA alleles classified as s2, i2, or m2 (3, 13, 39) .
Another important H. pylori virulence factor is the secreted CagA effector protein. The cagA gene is localized within a 40-kb chromosomal region known as the cag pathogenicity island (PAI) (20) . H. pylori strains expressing CagA are associated with a significantly increased risk for development of ulcer disease or gastric cancer compared to strains that lack the cagA gene (6) . Upon entry into cells, CagA undergoes phosphorylation by host cell kinases and induces numerous alterations in cellular signaling, leading to the designation of CagA as a "bacterial oncoprotein" (20, 32) .
H. pylori strains that produce an active VacA protein (type s1 VacA) typically express CagA, and strains that produce inactive VacA proteins (type s2 VacA) typically lack the cagA gene (3). vacA and the cag PAI localize to distant sites on the H. pylori chromosome, and, therefore, the basis for this association has been unclear. Recently, several studies have reported that there are complex relationships between the cellular effects of VacA and CagA, whereby VacA can downregulate CagA's effects on epithelial cells, or vice versa (1, 35, 46, 56) . This functional interaction between VacA and CagA may represent a mechanism that allows H. pylori to minimize damage to gastric epithelial cells or minimize mucosal inflammation, thereby allowing it to persistently colonize the stomach.
Although VacA is considered an important H. pylori virulence factor and hundreds of studies have classified H. pylori strains based on a vacA typing scheme, there has been very little effort to investigate the forces that drive vacA diversification, to analyze the evolutionary history of vacA, or to correlate vacA diversity with features of the VacA three-dimensional structure. Several important questions remain in studying the vacA gene: (i) Are the s1, i1, and m1 alleles (which are associated with an increased risk of gastroduodenal disease) more recently derived than the s2, i2, and m2 alleles? (ii) Are the geographic differences in vacA alleles driven by adaptive evolution or genetic drift? (iii) Does the evolutionary history of the vacA gene parallel the evolutionary history of the core genes used for MLST analysis, which are markers for ancient migrations of human populations?
In the current study, we present a comprehensive analysis of the molecular evolution of vacA. Our analysis of VacA diversity indicates that VacA sequences are clustered into three main groups with distinct geographic distributions. By analyzing topological differences between vacA and housekeeping gene phylogenetic trees, we demonstrate that the vacA gene does not share the same evolutionary history as the core genome of H. pylori. We report that the evolution of VacA has been shaped by positive selection, and adaptive evolution is restricted to the p55 domain. Most of the sequence divergence corresponds to surface-exposed amino acids in the three-dimensional structure of the p55 domain. Finally, we note that there are similarities between the phylogenetic structure of the VacA and CagA trees, and we discuss the roles that positive selection pressures have played in the evolution of these two virulence determinants.
MATERIALS AND METHODS
VacA reference sequences. VacA from strain 60190 (GenBank accession number Q48245) was used as the reference sequence for amino acid numbering, in which residue 1 refers to alanine-1 of the secreted 88-kDa VacA protein. It is the prototype s1/m1 form of VacA, and the crystal structure of the p55 domain of VacA from this strain has been determined previously (14) . VacA sequences from strain 95-54 (GenBank accession number U95971) and strain Tx30a (GenBank accession number Q48253) were used as reference sequences for s1/m2 and s2/m2 proteins, respectively (3, 36) . Delineation of VacA domains. VacA domains analyzed in this study correspond to the following amino acid sequence numbers in VacA from H. pylori strain 60190: p33, residues 1 to 311; p55, residues 312 to 821; secreted alpha peptide, residues 822 to 954 (7) ; and the C-terminal beta-barrel domain, residues 955 to 1254. The signal sequence corresponds to residues preceding the p33 domain.
Selection of VacA and CagA sequences for phylogenetic analysis. One hundred deduced VacA amino acid sequences (86 full-length gene sequences and 14 that were complete within the region encoding the p55 domain) (for strain names see Fig. S1 in the supplemental material) were identified by a BLAST search of the GenBank using the two prototype VacA sequences listed above. These sequences originated from H. pylori strains that were isolated from humans in many different regions of the world. To obtain additional VacA sequences of African origin, we analyzed vacA in five H. pylori strains that were isolated from patients in Africa and previously classified by multilocus sequence typing (MLST) analysis as HpAfrica2 (strains 191.9 and 501.9), HspSAfrica (cc2c), or HspW Africa (D1a and D1b) (12, 27) . The vacA locus was amplified using an Expand Long Template PCR System (Roche Applied Science) with the primers described in Table S1 in the supplemental material, and the vacA sequences were determined. The vacA sequences from strains D1a and D1b each contained a frameshift mutation and were excluded from subsequent phylogenetic analyses. Sequences were aligned with MUSCLE and edited manually in MacClade, version 4.08 (http://macclade.org/macclade.html) (28) . The total length of aligned sequences was 1,354 amino acids. All insertions/deletions (indels) and hypervariable regions were removed manually by eye from the alignments, resulting in a final alignment length of 1,135 amino acids for the unrooted analysis and 971 amino acids for the rooted analysis. For analysis of CagA sequences, we evaluated the group of 100 strains from which VacA sequences were available and identified 46 strains for which full-length CagA sequences were also available.
Criteria for classification of VacA sequences. VacA sequences were classified as m1 or m2 based on the absence or presence, respectively, of a 21-amino-acid insert within the p55 domain (between amino acids 475 and 476) ( Fig. 1A ) (3). We identified and excluded two m1/m2 chimeric VacA proteins (from strains ch2 and v225) in which tracts of recombination between m1 and m2 sequences were identifiable by eye (4, 14, 54) . VacA sequences were classified as s1 or s2 based on the absence or presence, respectively, of a 9-amino-acid insertion in the signal sequence region (3). VacA sequences were classified as i1 or i2 based on amino acid substitutions that fall into two clusters, previously denoted as clusters B and C (39) .
Phylogenetic analyses. Unrooted phylogenetic distance trees based on VacA and CagA protein sequences were created using the neighbor-joining method with a Jukes-Cantor genetic distance model in Geneious, version 4.6.5 (A. J., Drummond, B. Ashton, M. Cheung, J. Heled, M. Kearse, R. Moir, T. StonesHavas, T. Thierer, and A. Wilson, Biomatters, Auckland, New Zealand). Support for nodes on the neighbor-joining trees was assessed by 2,000 replicates of bootstrap, and the majority rule consensus trees are shown. Maximum-likelihood (ML) trees based on DNA sequences were used for Shimodaira-Hasegawa (SH) statistical tests of topological congruence. Prior to ML analyses, a DNA substitution model for each data set was selected using jModelTest, version 0.1.1 (http://darwin.uvigo.es/software/modeltest.html) (38) with the corrected Akaike information criterion (AICc). ML heuristic searches were performed using 100 random taxon addition replicates with tree bisection and reconnection branch swapping. ML bootstrap support was determined using 100 bootstrap replicates, each using 10 random taxon addition replicates with tree bisection and reconnection (TBR) branch swapping. Searches were performed in parallel on a Beowulf cluster using the clusterpaup program, written by A.G. McArthur, and PAUP, version 4.0b10 (45) .
Shimodaira-Hasegawa test. The Shimodaira-Hasegawa test (42) is used to compare the topology of a maximum-likelihood (best) tree to that of an alternate evolutionary hypothesis for tree topology. We tested the significance of topological differences between the vacA and MLST phylogenetic trees and between the vacA and cagA trees using the SH test (42) . The test compares the likelihood score (ϪlnL) of a given sequence alignment across its ML tree versus the ϪlnL of that data set across alternative topologies, which in this case are the ML phylogenies for other data sets. The differences in the ϪlnL values are evaluated for statistical significance using bootstrap (1,000 replicates) based on two methods, the resampling estimated log-likelihood (RELL) method and the more extensive full optimization. These two approaches yielded similar results.
Reconstruction of a vacA pseudogene from Helicobacter acinonychis. The entire vacA pseudogene of H. acinonychis, corresponding to approximately nucleotides 443900 to 439500 in the genome sequence of strain Sheeba (9, 11), was translated in all three reading frames, and the translated fragments with homology to H. pylori VacA were then concatenated. The VacA protein encoded by the reconstructed H. acinonychis vacA pseudogene consists of 1,310 amino acids. A BLAST search indicates that the reconstructed H. acinonychis VacA sequence exhibits 64% amino acid identity to its closest match in H. pylori and retains a high level of relatedness to H. pylori VacA throughout the sequence.
Analysis of housekeeping genes. Nucleotide sequences of housekeeping genes were retrieved from the H. pylori multilocus sequence typing database (http: //pubmlst.org/helicobacter). This database contains nucleotide sequence data (398 to 627 nucleotides per gene) for seven housekeeping genes (atpA, efp, mutY, ppa, trpC, ureI, and yphC) from each H. pylori strain included in the database (12) . Concatenated nucleotide sequences were aligned using MUSCLE and edited manually in MacClade, version 4.08 (28) . To permit rooting of a tree of concatenated housekeeping genes, we retrieved orthologous sequences from the H. acinonychis genome (11) . PhyloBayes and MrBayes inference methods were used to generate the rooted housekeeping gene trees and posterior probability values.
Rooted phylogenetic analyses of VacA sequences. PhyloBayes, version 2.3 (http://megasun.bch.umontreal.ca/People/lartillot/www/index.htm), was used to reconstruct the VacA rooted trees based on various inference methods. These analyses were performed by leveraging several models of molecular evolution to the sequence alignments, including the site-homogeneous models of Jones-Taylor-Thorton (JTT) and Whelan and Goldman (WAG) and the category amino acid site-heterogeneous mixture model (CAT), to suppress tree artifacts associated with long-branch attraction (26) . For all analyses, at least two independent runs were performed with free equilibrium frequencies inferred from the data and gamma distributed rate variation with four discrete categories. Burn-ins up to 20% of the sampled trees were used until a maximum difference (MaxDiff) value of Ͻ0.15 was achieved to ensure chain equilibration.
Population genetic tests of selection. A sliding-window analysis of the ratio of nonsynonymous to synonymous substitutions dN/dS was performed using VacA sequences from strains 60190 (m1 type) and 95-54 (m2 type) with the program DnaSP (http://www.ub.edu/dnasp) (40) . Sliding-window parameters included a window size of 50 bases and a step size of 10 bases. For further analyses, a total of 45 VacA sequences, corresponding to 15 VacA amino acid sequences from each VacA group, were retrieved from GenBank. These strains are shown in Fig.  S1 in the supplemental material (in boldface). Additionally, a total of 32 CagA sequences, corresponding to CagA amino acid sequences from each CagA group (6 from group 1, 15 from group 2, and 11 from group 3), were retrieved. Sequences were assembled and aligned with Geneious and edited manually in MacClade, version 4.08 (28) . All indels and hypervariable regions were removed manually by eye. The standard McDonald-Kreitman test (http://mkt.uab.es/mkt/) (30) was carried out on full-length vacA, individual regions of vacA, and fulllength cagA sequences with the exclusion of low-frequency variants less than or equal to 15% to reduce artifacts associated with detecting adaptive evolution. The neutrality index (NI) was calculated from the ratio of the number of polymorphisms to the number of substitutions as follows: NI ϭ (Pn/Ps)/(Dn/Ds), where P is polymorphic within the population, D is divergence or fixed difference between populations, n is nonsynonymous, and s is synonymous.
Nucleotide sequence accession numbers. Sequences of the vacA genes determined in this study were deposited in GenBank under accession numbers HQ287752, HQ287753, and HQ287754.
RESULTS AND DISCUSSION
Phylogenetic analysis of VacA. As a first approach for studying phylogenetic features of VacA, we analyzed 100 complete or nearly complete VacA amino acid sequences that were available in GenBank. An unrooted phylogenetic analysis demonstrated that most of the sequences clustered into three distinct groups ( Fig. 1B ; see also Fig. S1 in the supplemental material), corresponding to non-Asian strains (predominantly from Australia, Kenya, the United States, and Europe; group 1), Asian strains (predominantly from China and Japan; group 2), and strains with a worldwide distribution (both Asian and non-Asian; group 3). Based on an analysis of indels that are diagnostic of previously described VacA families (3, 4, 39) , all of the sequences in group 1 and group 2 were classified as type m1, and all of the sequences in group 3 were classified as type m2 (Fig. 1B) . All of the VacA sequences in groups 1 and 2 contain a type s1 signal sequence region; three sequences within group 3 contain a type s2 signal sequence, and the remaining sequences contain type s1 signal sequences (Fig.  1B) . Within group 3 there is a subgroup of four sequences (from strains CHN5147, CHN1811a, CHN5114a, and CHN3295b; designated subgroup II), all of which were from H. pylori strains isolated in Shanghai, China (24) . The VacA sequence from strain Shi470, which was isolated from an Amerindian patient in the Amazon (25) , was located in the tree between group 1 and group 2 sequences.
Phylogenetic analysis of VacA structural domains. To determine which of the structural domains in VacA have shaped the tree into three phylogeographic groups, we performed phylogenetic analyses on five putative structural domains (Fig.  1A) : p55, p33, signal sequence region, secreted alpha-peptide (SAP), and the C-terminal ␤-barrel region (Fig. 2, p55 and p33; see also Fig. S2A to C, respectively, in the supplemental material for the other domains). There was marked variation in the general appearance of these trees. Of particular interest, the tree structures of the two domains comprising the secreted VacA toxin (p33 and p55) were markedly different from each other (Fig. 2) . Only the tree for the p55 domain (427 aligned amino acids of 1,135 total amino acids) yielded a three-group pattern ( Fig. 2A) that overlaps with the phylogeography of full-length VacA (Fig. 1B) . The other regions exhibited tree structures ( Fig. 2B ; see also Fig. S2A to C) substantially different from those of full-length VacA or p55 trees. Therefore, the localization of full-length VacA sequences to three main groups (Fig. 1) is determined primarily by protein sequence divergence in the p55 region. In each of the trees, we noted that particular groups of sequences had distinct geographic distributions. Within the p55 tree, a group of sequences of Asian origin, classified as group 2 (m1 Asian) in Fig. 2 , have been assigned a variety of different labels in previous publications, including m1b, m1T, and m3 (21, 29, 37, 53) .
Phylogenetic incongruence between the trees of vacA and housekeeping genes. Previous studies have classified H. pylori strains into a set of population groups with distinct geographic distributions, based on MLST analyses of seven housekeeping genes (12, 27, 31) . To investigate relationships between the phylogeny of housekeeping genes and the three-group structure of the VacA phylogeny (Fig. 1B) , we analyzed the nucleotide sequences of vacA and housekeeping gene sequences from 12 strains for which both sets of sequences were available. In addition, we determined the vacA nucleotide sequences of two strains previously classified as HpAfrica2 by MLST analysis since this population group is known to exhibit a relatively high level of divergence from other H. pylori population groups (12, 27, 31) . Housekeeping genes from different strains do not differ substantially from one another at the protein level, and, therefore, this comparative analysis required the use of nucleotide sequences rather than protein sequences. The overall topology of the vacA tree was completely dissimilar from that of the housekeeping gene tree (see Fig. S3 in the supplemental material). To statistically evaluate the topological incongruence or congruence between the vacA and housekeeping gene phylogenies, we compared the maximum-likelihood (ML) phylogenies of the 14 taxa common to both data sets using the Shimodaira-Hasegawa (SH) test. This analysis confirmed that (Fig. 1). (B) Two main groups are evident, designated group A p33 and group B p33 . The chart shows the number of strains analyzed and characteristics of VacA sequences in each group of the tree. The sequences in group A p33 were localized in groups 1, 2, and 3 of the full-length VacA tree (Fig. 1B) and groups 1, 2, and 3 of the p55 tree (panel A), and sequences in group B p33 were all localized in group 3 of the full-length VacA tree and group 3 of the p55 tree. Divergence between group A p33 and group B p33 reflects differences within the VacA intermediate region (39) . The sequences in group A p33 are characterized as type i1, with the exception of two sequences that appear to be i1-i2 hybrids, and sequences in group B p33 are exclusively characterized as type i2.
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the vacA and housekeeping tree topologies are significantly different (P Ͻ 0.0001) ( Table 1 ; see also Fig. S3 ), indicating that the vacA toxin gene has a different evolutionary history from that of the core genes of H. pylori.
Rooted phylogenetic analyses of VacA and housekeeping genes.
To further compare the ancestry of vacA with that of the MLST core genes, we generated and compared a rooted tree of full-length VacA protein sequences with a rooted tree of concatenated housekeeping gene sequences, using the same strains used in the SH test described above. We used the corresponding nucleotide sequences from housekeeping genes from the close relative H. acinonychis to root the housekeeping gene tree (11), and we used the deduced protein sequence of a reconstructed vacA pseudogene in H. acinonychis as an outgroup to root the VacA tree (11). We could not use vacA nucleotide sequences in this analysis because of the extremely high nucleotide divergence between the outgroup sequence and the ingroup. Nonetheless, the VacA protein and vacA nucleotide trees of the ingroup recapitulate the same threegroup phylogenies (data not shown).
The Bayesian root for the MLST housekeeping gene tree is confidently positioned in taxa classified as HpAfrica2, a population currently found almost exclusively in South Africa (12, 27) (Fig. 3A) . We performed a second, rooted analysis using a larger MLST data set consisting of 61 sequences from representative H. pylori strains that previously had been classified into nine geographically distinct populations and subpopulations (12) . The root was again positioned in taxa classified as HpAfrica2; the next most closely related taxa are also from Africa and are classified as HspSouth Africa or HspWest Africa subpopulations. Results were similar between the smaller and larger data sets, and thus there was no effect of taxon selection on the placement of the MLST root (compare Fig.  3A and Fig. S4 in the supplemental material) . To further confirm the rooting position in African populations, we excluded the HpAfrica2 taxa and repeated the analysis. In this case, the root is positioned in taxa classified as HspSouth Africa subpopulation (data not shown). Taken together, the confident placement of the MLST rooting in the African taxa confirms previous reports of an ancient African origin for H. pylori in humans (12, 27) .
A 971-amino-acid sequence alignment of the reconstructed VacA amino acid sequence of H. acinonychis with 14 ingroup taxa yields a Bayesian phylogeny (Fig. 3B ) with the VacA root confidently positioned at the B38 taxon (an s2/m2 form of VacA from a strain classified as HpEurope based on MLST analysis). We also created a rooted tree for a larger data set using 24 ingroup taxa (see Fig. S5 in the supplemental material), corresponding to H. pylori VacA sequences that were representative of VacA groups 1 to 3 in the unrooted tree (Fig.  1) . In this analysis, the VacA root is confidently positioned in the CHN3295 and CHN5147 taxa (see Fig. S5 ). These two strains also have m2 sequence characteristics and belong to the group 3 subgroup II of the full-length VacA tree (Fig. 1) . Thus, the root of the VacA tree is unexpectedly positioned in m2 taxa of Chinese origin, rather than taxa of African origin, with the next branch consisting of m2 sequences of non-Asian origin.
This analysis does not allow us to determine with confidence a Data set denotes the alignment of the concatenated core genes and the vacA gene. Topology denotes the maximum-likelihood trees shown in Fig. S3 in the supplemental material. The likelihood scores (ϪlnL) are shown in the table and are based on comparing each data set across its own ML tree topology and the alternative topology. The lowest (best) likelihood scores are indicated in boldface for each data set. Significance of the likelihood differences from the comparisons of a common data set across different topologies was measured using a bootstrap approach with RELL sampling and full optimization for 1,000 replicates. For example, the score from the comparison of the core genes data set against the core gene topology (Ϫ9773.96) is significantly better than the score from the alternative comparison of the core genes data set against the vacA gene topology (Ϫ10156.12). ‫,ء‬ P Ͻ 0.001. whether the s1, i1, and m1 forms of VacA are more recently derived than the s2, i2, and m2 forms. However, these data suggest that m2 forms of VacA were present at the time when H. pylori and H. acinonychis diverged from a common ancestor. Three observations suggest that the VacA rooting position is accurate. First, the VacA rooting position in m2 Asian sequences is supported with two different inference methods, MrBayes and PhyloBayes. Second, three different models of evolution (CAT, WAG, and JTT) and removal or addition of other m2 Asian sequences and hypervariable regions does not alter the VacA rooting position; in particular, the probabilistic inference model, CAT, accounts for across-site heterogeneities and can handle model misspecifications associated with longbranch attraction artifacts (26) . Third, the maximum amino acid identity of the VacA outgroup with Asian m2 (65.4%) or non-Asian m2 sequences (64.0%) is greater than that of the outgroup with Asian m1 (57.4%) or non-Asian m1 sequences (51.1%). Positive selection in VacA. A relatively high level of divergence within the p55 VacA cell-binding domain compared to other domains may reflect relaxed constraint on that portion of the sequence or positive selection if amino acid replacements confer a selective advantage. In the latter case, we expect to observe an accumulation of nonsynonymous changes (dN) at a rate higher than that of synonymous changes (dS). Previous studies failed to detect positive selection in VacA based on analyses of dN/dS ratios (4), but such analyses are known to lack sensitivity when applied to large segments of a gene. As another approach for investigating the evolutionary pressures acting on VacA, we first analyzed vacA sequences for positive selection (dN/dS of Ͼ1) using a sliding-window analysis with full-length vacA sequences from strains 60190 (type m1 nonAsian, group 1) and 95-54 (type m2, group 3). The crystal structure of the p55 domain is available for VacA from strain 60190 (14) , and VacA from strain 95-54 is known to exhibit a different cell type specificity from that of VacA from strain 60190 (36) . dN/dS ratios greater than 1 were observed in mainly one portion of the vacA sequence, the p55 cell-binding domain (Fig. 4) .
To follow up the observation of elevated dN/dS ratios in the portion of vacA encoding the p55 cell-binding domain, we collected full-length DNA sequences of 15 vacA alleles from each of the three main groups (Fig. 1, groups 1 to 3) . We used the McDonald-Kreitman test (MKT) (30) to investigate if adaptive evolution in the p55 domain is driving the divergence of the three groups. The MKT analyzes the neutral theory prediction that the ratio of synonymous-to-nonsynonymous polymorphism (Ps/Pn) within groups should be the same as the ratio of synonymous-to-nonsynonymous divergence (Ds/Dn) between groups. It was used previously to detect positive selection in an H. pylori sel1 homolog (33) . The results indicate a significant deviation from neutrality when full-length vacA sequences and the p55 domain (Table 2 ) (P Ͻ 0.001) are analyzed but not when the p33 domain or other regions are analyzed. Excess nonsynonymous fixation, one signature of adaptive protein evolution, causes the neutrality index (NI) in the MKT to be less than 1. For all statistically significant MKT comparisons, the NI was Ͻ0.53 (Table 2) . These results confirm the sliding-window analysis and indicate that the divergence in the p55 cell-binding domain is due to strong positive selection. Serum antibody responses to VacA are known to be directed predominantly against the p55 domain rather than the p33 domain (16) . Therefore, immune selective pressure could potentially be one of the important forces that drive positive selection within the p55 domain. In addition, it is possible that diversification represents functional adaptation of the p55 domain to interact with different receptors or targets in host cells (36) .
Surface exposure of divergent amino acids within the p55 domain. Comparative sequence analyses revealed three main families of p55 domain sequences (Fig. 2) , and divergence within this domain is the result of positive selection. To investigate the location of divergent amino acids within the threedimensional structure of the p55 domain, we used the sequence of the p55 domain from H. pylori strain 60190 as a reference for VacA sequences classified as group 1 (m1 nonAsian) in Fig. 1 and 2 since a crystal structure is available for the p55 domain from this strain. All of the VacA sequences from group 2 (Fig. 1, m1 Asian) were aligned to generate an m1 Asian consensus sequence, and, similarly, all of the VacA sequences from group 3 (Fig. 1, m2) were aligned to generate an m2 consensus sequence. We then compared the reference (group 1) sequence with the two consensus sequences and identified the sites of divergent amino acids within the p55 crystal structure.
In a comparison of the reference group 1 (m1 non-Asian) VacA sequence with that of the group 2 (m1 Asian) consensus sequence, 30 sites differed, and 28 of these sites were surface exposed (Fig. 5A) . A total of 109 sites differed when the reference VacA sequence was compared with the group 3 (m2) consensus sequence, and 95 were surface exposed (Fig. 5B) . Interestingly, 17 of the 30 divergent amino acids identified in the first comparison (reference versus m1 Asian) were also divergent in the second comparison (reference versus m2), and 15 of these correspond to surface-exposed residues. At 10 of these 17 sites, each of the three populations contains a distinct amino acid substitution, which suggests that the observed divergence has resulted from multiple independent bouts of evolutionary changes. Divergent amino acids often appeared as contiguous sites (or clusters of amino acids) within the p55 crystal structure (Fig. 5) . In particular, VacA sequences clas- sified as m2 contained a set of divergent amino acids corresponding to a longitudinal contiguous patch within the crystal structure (Fig. 5B) . A surface-exposed location of divergent amino acids is consistent with the hypothesis that these residues may be subject to antibody recognition. Moreover, alterations in amino acids found on the surface of VacA could potentially lead to alterations in the interactions of VacA with host cells. CagA phylogeography and adaptive evolution. In H. pylori strains 26695 and J99, vacA and cagA (encoding the secreted effector protein CagA) are located ϳ350 kb apart in the genomes. Recently, it has been shown that VacA can downregulate CagA's effects on epithelial cells and that CagA can protect cells against the apoptotic effects of VacA (35, 46) . Furthermore, VacA can counteract the ability of CagA to activate nuclear factor of activated T cells (NFAT) in gastric epithelial cells (56) . We thus hypothesized that these two genes share an evolutionary history characterized by co-or counteradaptations in response to a common selective pressure.
We identified 46 H. pylori strains for which both VacA and CagA sequences were available. Phylogenetic analysis of the full-length CagA sequences revealed three groups (Fig. 6) . Clustering of CagA sequences from strains of East Asian origin in a distinct group is consistent with results of previous studies (50, 55) . Notably, the overall appearance of the CagA tree is very similar to the phylogeny of VacA (Fig. 1) . Group 1 in the CagA tree consists of seven sequences that are predominantly from non-Asian strains (Fig. 6) . The corresponding VacA sequences from most of these strains are characterized as m1 non-Asian and are found in group 1 in the full-length VacA tree (Fig. 1) . CagA group 2 consists of 25 exclusively Asian Fig. 1 and 2 ) was used as a reference for mapping divergent amino acids. (A) VacA sequences classified in group 2 (m1 Asian) were aligned, and a consensus sequence was determined. Differences between the sequence of VacA from strain 60190 and the m1 Asian consensus sequence are highlighted in blue. (B) VacA sequences classified in group 3 (m2) were aligned, and a consensus sequence was determined. Differences between the sequence of VacA from strain 60190 and the m2 consensus sequence are highlighted in blue.
sequences; most of the corresponding VacA sequences are characterized as m1 Asian and are found in group 2 in the full-length VacA tree. Finally, CagA group 3 consists of 11 exclusively Asian sequences; most of the corresponding VacA sequences are characterized as m2 and are found in group 3 in the full-length VacA tree. The observed similarities in the CagA and VacA phylogenetic trees suggest that CagA and VacA might be coevolving due to similar selective pressures. In support of this hypothesis, a McDonald-Kreitman test indicates that positive selection has shaped CagA divergence of group 2 from both group 3 (P Ͻ 0.005; NI of 0.58) and group 1 (P Ͻ 0.018; NI of 0.66). Two recent publications also detected positive selection when cagA sequences were analyzed (34, 49) , and a recent paper reported an association between particular cagA motifs and specific vacA types in a different group of strains (23) . Thus, there are striking similarities between the topologies of VacA and CagA trees, and positive selection has shaped the phylogenetic structures of both of these virulence determinants.
Phylogenetic incongruence between the trees of vacA and cagA. We next sought to investigate more rigorously the evolutionary relationships between vacA and cagA. Generation of a rooted tree of CagA sequences is not possible because cagA is not present in H. acinonychis and is not currently known to be present in any species other than H. pylori. Therefore, we statistically tested the topological similarity between vacA and cagA phylogenies.
For this analysis, we selected 28 H. pylori strains containing VacA and CagA sequences that were representative of the three different groups. We compared the ML phylogenies based on nucleotide sequences of the 28 taxa common to both data sets using the SH test. We used vacA nucleotide sequences in this analysis instead of protein sequences because the nucleotide differences provide increased resolution for the topology comparisons, and the trees are unrooted, which obviates the need to use protein sequences that are more conserved. Nonetheless, the vacA and cagA nucleotide trees of the ingroup recapitulate the same three-group phylogenies (see Fig. S6 in the supplemental material) . Despite the grouping similarities in the vacA and cagA trees, the topologies are significantly different based on the SH test (P Ͻ 0.001) ( Table  3 ; see also Fig. S6 ), indicating that the vacA toxin gene has not coevolved in strict concert with cagA. This result is not unexpected as there are strain differences (OK111, J99, F37, and Shi470) in the two phylogenies that can account for this statistical result (see Fig. S6 ). Second, there are fine-scale differences in evolutionary relationships within the groups that are not congruent when the vacA and cagA trees are compared. Repeating the SH test after removal of the four major outliers again yielded a significant difference between the topologies (data not shown).
The most parsimonious explanation for the fine-scale differences between the genes, and yet the broad similarities in phylogeographic patterns and patterns of adaptive evolution, is that historical bouts of adaptation drove the parallel divergence of both cagA and vacA. However, more recent evolutionary changes at the tips of the three groups have scrambled any support for statistical concordance. These recent changes within groups could now be occurring by either drift or selection unrelated to the ancestral changes that drove the three groups' common divergence. Thus, we hypothesize that VacA and CagA functionally interact most effectively when they are from the same group (i.e., group 1 VacA interacts most efficiently with group 1 CagA, etc.).
Conclusions. In summary, our key findings indicate, first, that VacA sequences can be classified into three distinct groups on the basis of amino acid sequences and that different VacA domains exhibit different evolutionary histories. Second, VacA has undergone strong divergence and positive selection in the p55 cell-binding domain, which is consistent with humoral immune recognition of this domain; a result may be optimized binding of VacA to different receptors or targets in a Data set denotes the alignments of the vacA and cagA genes. Topology denotes the maximum-likelihood trees shown in Fig. S6 in the supplemental material. The likelihood scores (ϪlnL) are shown in the table and are based on comparing each data set across its own ML tree topology and the alternative topology. The lowest (best) likelihood scores are indicated in boldface for each data set. Significance of the likelihood differences from the comparisons of a common data set across different topologies was measured using a bootstrap approach with RELL sampling and full optimization for 1,000 replicates. For example, the score from the comparison of the cagA data set against the cagA topology (Ϫ14893.50) is significantly better than the score from the alternative comparison of the cagA data set against the vacA topology (Ϫ16922.57). ‫,ء‬ P Ͻ 0.001 FIG. 6. Analysis of CagA phylogeography. Neighbor-joining phylogenetic tree of 46 CagA amino acid sequences. Three major groups are evident: group 1 consists predominantly of sequences from non-Asian strains, group 2 consists of Asian sequences, and group 3 consists of Asian sequences. The chart shows the number of strains analyzed and characteristics of VacA sequences in each group of the tree. CagA sequences shown in groups 1 and 2 correspond to H. pylori strains containing type m1 VacA (groups 1 and 2 of Fig. 1) , whereas CagA sequences shown in group 3 correspond to strains containing type m2 VacA (group 3 of Fig. 1 ). The nomenclature for the primary CagA groups (groups 1, 2, and 3) is consistent with the nomenclature of groups in the full-length VacA tree (Fig. 1) 
